We report a combined experiment-theory study on low energy vibrational modes in fluorescence spectra of perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) molecules. Using very low coverages, isolated molecules were adsorbed on terrace sites or at sites located at residual steps on (100) oriented alkali halide films (KCl and NaCl). The low energy modes couple to the optical transition only because the PTCDA molecule is geometrically distorted (C 2v ) upon adsorption on the surface; they would be absent for the parent planar (D 2h ) PTCDA molecule. The modes differ in number and energy for molecules adsorbed on regular terrace sites and molecules adsorbed at step edge sites. Modes appearing for step edge sites have the character of frustrated rotations. Their coupling to the optical transition is a consequence of the further reduced symmetry of the step edge sites. We find a larger number of vibrational modes on NaCl than on KCl. We explain this by the stronger electrostatic bonding of the PTCDA on NaCl compared to KCl. It causes the optical transition to induce stronger changes in the molecular coordinates, thus leading to larger Franck-Condon factors and thus stronger coupling.
Surface induced vibrational modes in the fluorescence spectra of PTCDA adsorbed on the KCl(100) and NaCl (100) 
Introduction

Motivation
The spectroscopy of the vibrational modes of molecules adsorbed on surfaces is a versatile experimental tool for obtaining information about the geometric structure of the adsorption complex. In particular, vibrational modes at low energies which are subject to coupling to surface atoms are interesting for this purpose. So far, mainly high resolution energy electron loss spectroscopy (HREELS) has been used to measure these modes. 1 In the present work we demonstrate that fluorescence (FL) spectroscopy also gives access to low energy vibrational modes of adsorbates, which, in addition to a high signal-to-noise ratio, 2 bears the possibility to distinguish different adsorption sites by their optical transition energies. We support our experimental data with theoretical calculations showing in detail, how the structure and symmetry of the adsorption sites influence the vibrational modes in the fluorescence spectra.
We report FL spectra of very high resolution of perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA, see Fig. 1 ) molecules adsorbed on thin (100) oriented films of KCl and NaCl. PTCDA molecules adsorbed on these surfaces constitute an interesting model system for the adsorption of larger p-conjugated molecules on insulator surfaces. This topic has gained attention over the last years, [3] [4] [5] [6] because there are interesting differences from the adsorption of these molecules on metal surfaces. 7 For instance, on insulator surfaces, the bonding is dominated by electrostatic and van der Waals interactions. Covalent bond formation, which is often observed on metal surfaces, 7 is less dominant on insulators and molecular properties are thus often better accessible than for molecules adsorbed on metallic surfaces. Nevertheless, the surface/adsorbate interactions on insulator surfaces can also be strong and site specific. For instance, for PTCDA on the KCl(100) surface, the Coulomb interactions between partial charges on the carboxylic oxygen atoms and the surface cations lead to adsorption on specific surface sites and formation of commensurate superstructures. [8] [9] [10] The planar PTCDA molecule belongs to the symmetry group D 2h and exhibits 108 vibrational modes in total; 11 46 of these are infrared active (Brepresentations B 1u , B 2u , B 3u ), 54 are Raman active (Brepresentations A g , B 1g , B 2g , B 3g ), and 8 modes are silent (Brepresentation A u ). 12 In this work the optical S 0 /S 1 transition of PTCDA was investigated. For the planar molecule, only the 19 in-plane A g modes couple to the S 0 /S 1 transition. 13 The energetically lowest A g mode is at about 232 cm
À1
. 13 Thus, all vibrational modes at lower energies which we describe in this work are special. They are out-of-plane modes and do not belong to the A g representation of the undistorted and planar PTCDA molecule. They couple to the optical transition only, because the symmetry of the adsorption complex on the KCl and NaCl surfaces is lower than that of the parent molecule, namely C 2v (see below). In this case, modes of the B 3u representation of the planar molecule with D 2h symmetry, i.e. modes which include out-of-plane components, project into the totally symmetric representation A 1 of C 2v and thus couple to the optical transition. The aspect that these low energy vibrational modes do not couple to the S 0 /S 1 transition of the planar molecule was experimentally confirmed by fluorescence spectra of PTCDA in He nanodroplets. [14] [15] [16] For a strongly allowed transition, as it is considered here, the coupling to vibrational modes is described by the respective Franck-Condon (FC) factors. 17 Accordingly, the intensity of the first fundamental vibrational mode (frequency o i , reduced mass M i ) is proportional to the Huang-Rhys factor
where Dq i denotes the displacement of the minimum of the potential along the respective normal coordinate q i under the transition. Obviously, only modes with Dq i a 0, i.e. those for which the equilibrium distance changes, couple to the transition. For the low energy modes considered here, this implies that the molecule changes its out-of-plane distortion during the optical transition. Strictly speaking, the ground or the excited state has to be distorted, but, of course, it is reasonable to assume a distortion of both. The observation of low energy vibrational modes in the optical spectrum is thus a fingerprint for an outof-plane distortion of PTCDA as a consequence of the surface bonding. From the Huang-Rhys factors one can also gain an intuitive understanding of the coupling strength which is helpful: if the charge displacement due to the optical transition modifies the Coulomb interactions between the atoms of the molecule and the ions of the surface, displacements of normal coordinates can be expected and will lead to coupling of the respective modes to the optical transition. Importantly, here the respective normal coordinates refer to both the intramolecular distances and the adsorption geometry of the molecule with respect to the surface. In the following, we name these modes which appear only in the optical spectrum for PTCDA adsorbed on a surface ''surface induced modes'' (SIM). As we report, these modes differ for the two studied surfaces, KCl(100) and NaCl(100), albeit the adsorption sites are principally identical. We will interpret this difference by the stronger bonding of PTCDA on NaCl compared to KCl. In addition, we find different modes for molecules adsorbed on terraces and at step edge sites, revealing the presence of different symmetries on these two types of adsorption sites. The appearance of SIM on KCl was briefly reported by us in ref. 19 . In the present work, we give a more detailed analysis on the basis of spectra measured with higher resolution. In addition, we here Hardsphere models (top view) of the adsorption geometry of PTCDA on terrace sites (t sites) and at step edge sites (s site, here: the so called deep vacancy site + 1) on KCl(100) and NaCl(100). All atomic and ionic positions are from DFT calculations. The black dashed rectangles in the top views indicate which ions can also be seen in the respective side views. For the adsorption at the step edges different types of sites exist which differ slightly by additional rows of ions. These sites are described and discussed in detail in ref. 18 . The site shown here as an example is considered to be the most typical one and is called ''deep vacancy site + 1''. Middle/bottom: Side views along the short (middle) and along the long molecular axis of the PTCDA molecule in the direction towards the step (bottom). H atoms are shown in white, carbon atoms in gray, carboxylic and anhydride oxygen atoms in red/cyan, sodium/ potassium ions in blue/red, and chlorine in green. Heavier and lighter shades of blue/red and green are used to illustrate the step edge geometry. In the side views, d denotes the vertical adsorption height; the vertical scale is enlarged by a factor of 4 for all atoms and ions in order to emphasize the vertical distortions of the molecules and the buckling of the substrate. d 0 indicates the vertical height of the Cl À ion below the center of the perylene core.
include data on the SIM for PTCDA on the NaCl(100) surface and compare these with those on the KCl(100) surface.
Background information
Information on the adsorption sites of PTCDA on KCl and NaCl(100) has recently been gained from STM data 20, 21 and density functional theory (DFT) calculations. 18, 20, 22, 23 From DFT calculations it was found that in the favored adsorption complex the center of the perylene core is on top of a Cl À anion.
The four carboxylic oxygen atoms (O carb ) are close to surface cations, ''anchoring'' the molecule on its four corners to the surface by attractive Coulomb interactions. 22, 24 The long molecular axis is oriented in the [011] direction of the substrate. These adsorption configurations are illustrated in Fig. 1 26, 27 (see Fig. 1 ). As a result, the Coulombic attractions of the O carb atoms to the NaCl surface are larger and cause a stronger out-ofplane distortion than on KCl. We note that, differently from the situation on metal surfaces, 7 quantitative experimental determinations of the bonding heights and the distortions of PTCDA on the KCl or NaCl(100) surface are missing. The optical properties of isolated PTCDA molecules adsorbed on KCl(100) films 19, 28 and NaCl(100) films 2, 29 have been reported already. Important in the context of the present work is the aspect that one can distinguish the population of different adsorption sites from in the optical spectra. Directly after deposition onto the cold sample, the PTCDA molecules populate predominantly terraces sites (t sites). Thermal annealing or exposure to intense optical radiation promote diffusion of the PTCDA to sites located at step edges of the substrate (s sites). 28 For the considered low coverages of molecules the small number of steps from growth defects on the nominally flat films is sufficient for providing step sites for all molecules. The azimuthal orientation of the molecules is identical on s and t sites. 28 The adsorption at the s sites is however thermodynamically more stable and the process is irreversible. From recent STM data and DFT calculations, the s sites on KCl were identified as so-called vacancy sites, because they stabilize the PTCDA adsorption by partially embedding the molecule into the step edge. 20 A similar situation exists on the NaCl(100) surface, and was derived from analogous STM 21 and DFT data. 18, 22 Importantly, small variations in the local arrangement of the ions around the PTCDA are possible; the details are reported in ref. 16 . The t sites and one of the most typical s sites are illustrated in Fig. 1 . On the KCl(100) surface, a concomitant blue shift of the S 0 /S 1 transition by 130 AE 15 cm À1 was observed for the transition of the molecules from t to s sites. 28 For the NaCl surface, a very similar spectral shift is reported here.
Experimental and computational details
Experimental details
The PTCDA molecules were sublimated from a Knudsen cell onto thin epitaxial KCl(100) and NaCl(100) films under ultrahigh vacuum. The KCl and NaCl films of about 10 atomic layers in thickness were both grown on a single Ag(100) sample as described earlier in ref. 9 and 30, respectively. During the PTCDA deposition, the sample was kept between 6 and 20 K in all experiments. At these low temperatures the molecules stick to the surface in a planar and azimuthally defined orientation on defined adsorption sites on the terraces (t sites); however, they are laterally immobile. 19 For inducing the transition of the molecules to adsorption sites at steps (s sites) we heated the sample at 100-150 K for about 10 minutes. 28 For the details of the PTCDA deposition and coverage calibration we refer to ref. 28 . We used coverages between 0.02% and 1.00% of a monolayer, whereby one monolayer is equivalent to 7.5 Â 10 À3 molecules per Å 2 .
For the optical experiments we transferred the sample into a glass tube standing out at the end of the UHV chamber. For FL spectroscopy we used an Ar + laser (Coherent Innova Sabret Ion Laser) and a solid state diode pumped laser (Sapphire LP USB CDRH) operated at 457.9 nm and 458 nm (21 834 cm À1 ), respectively. For measuring the t site spectra the excitation intensities were reduced in order avoid light induced migration to s sites. 28 The FL light was measured with a spectrometer (Acton 2300i, f/# = 4, f = 0.3 m) equipped with a liquid nitrogen cooled CCD camera (Spec-10:100BR(LN)). The experimental resolution of the FL spectra is determined by the spectrometer and amounts to 5-9 cm À1 for a grating of 1200 grooves per mm.
The optical spectra were recorded at sample temperatures between 6 and 20 K. We note that in the FL spectra, which we consider here, the transition couples to vibrational modes of the ground state (S 0 ), i.e., similar to other vibrational surface spectroscopies, e.g., high resolution energy electron loss spectroscopy (HREELS), 1 contrary to optical absorption spectroscopy which couples to vibrational modes of the excited state (S 1 ).
Computational details
The DFT calculations underlying the structural data presented in Fig. 1 were described in detail in ref. 18, 20 and 22 . For calculating the vibrational modes and the respective FC factors a second set of DFT calculations was performed on the GGAlevel of theory (PBED3 [31] [32] [33] [34] ) including dispersion corrections within the crystalline-orbital program CRYSTAL14. 35 The full details of these calculations will be reported in ref. 36 ; here we summarize some of the most important points required for the understanding of our comparison of the calculations to the experimental data. Due to the use of the periodic CRYSTAL14 code we excluded boundary effects and took surface relaxations into account. An extra fine integration grid (XXLGRID) and tight tolerances for two-electron integrals have been used. We note that these calculations gave the same geometries for the ground states as those performed earlier. 18, 20, 22 Because the electronic excitation takes place in the molecule and the excited vibrations are primarily located on the molecule, we decided to use relatively small basis sets for the surface atoms sodium, 37, 38 potassium, 37, 38 and chlorine, 39 and the larger 6-311G** Pople-type basis of triple-z-quality was used for the atoms of the PTCDA molecule. 40 Because calculations of the optically excited state cannot be performed within CRYSTAL14, we used the quantum chemical program package Gaussian09 for the purpose of excited state and frequency calculations. 41 All excited-state properties were calculated on the time-dependent DFT (TD-DFT) level of theory, applying the range-separated hybrid functional CAM-B3LYP. 42, 43 Dispersion forces were again added via the D3 dispersion correction. The same basis sets were used for the surface as it was done with CRYSTAL14, but we truncated the molecular basis set to 6-311G* to reduce computational costs. In Gaussian09 the adsorbate system was modeled with an embedded cluster approach, where the atoms of the surface cluster were embedded in point charges of AE1.0 e. The surface atom positions of the adsorbate-cluster system were taken from our periodic calculations. For consistency reasons we re-optimized the geometry of PTCDA in the S 0 and the S 1 state and allowed free relaxation of the molecule, while the surface atoms were kept fixed. In order to model the molecule at the t and at the s sites, two different types of clusters were used. For modeling the PTCDA adsorption at a t site a surface cluster of C 2v symmetry was used. For correct calculations of the PTCDA on the s sites of C 1 symmetry the presence of the step atoms requires the use of structurally much more complicated and larger cluster models (see Fig. 1 ).
At present such models are computationally too demanding. Therefore, we have limited ourselves to calculations on an adsorbate/cluster model which does not include the step atoms yet, but exhibits the deliberately reduced and correct symmetry, namely C 1 , that is expected for the s sites. We used this model as a first order approximation for the molecules adsorbed at the s sites. It exhibits the correct symmetry, but obviously the detailed structural environment differs from that at the real s sites due to the absence of the step atoms. Detailed structure models of these clusters are given in ref. 36 . Subsequently, we calculated the vibrations of the molecule in the S 0 and the S 1 state. During this calculation the surface atoms were again kept at the fixed positions of the adsorbatecluster. The obtained geometries, vibrational frequencies and normal modes of the S 0 and the S 1 state were finally used to calculate the FC-factors with the program ezSpectrum 44 applying the parallel approximation with previous normal mode reordering. The FC factors were normalized such that the value of the FC factor at the first vibrational in-plane mode n 1 corresponded to the intensity of this mode in the normalized FL spectrum, i.e., the spectrum where the 0-0 intensity was set to 1. Typically FC factors of the n 1 mode were about 0.3. An intensity threshold of 0.001 was applied to all modes. Fig. 2 gives an overview on the FL spectra in the range of small vibrational energies (below 300 cm À1 ) which were measured directly after the deposition, when the molecules are mainly on t sites (upper spectra), and after additional thermal annealing, when the molecules have diffused to the s sites (lower spectra). For all these spectra the vibrational energies are referenced with respect to the pure electronic transitions, i.e. the 0-0 transitions. The absolute energies of the respective 0-0 transitions can be found in the figure caption. The blue shift of the 0-0 transition on NaCl upon migration of the molecules to the step edges amounts to 144 cm À1 and is thus very similar to the average blue shift of 135 AE 15 cm À1 observed on KCl. † For both systems the blue shifts of the transitions are related to the diffusion of the molecules to the s sites and the resulting changes in the adsorption energies of the S 0 and S 1 states. 45 We also note that the line widths are strongly reduced by a factor of B5 upon the migration of the molecules to the s sites due to smaller inhomogeneous line broadening. This aspect was described in detail in ref. 45 . Since the inhomogeneous line broadening also affects the line shape of the vibrational modes, the s site spectra generally exhibit sharper and hence better to resolve vibrational modes.
Results and discussion
Surface induced vibrational modes
In Fig. 2 we have compiled several spectra for different preparation routines in order to show the sample-to-sample variations (gray spectra). The averaged spectra are shown as the heavy lines. Notably, all spectra are given on a logarithmic scale in order to enhance the visibility of the small peaks. The positions of the peaks are summarized in Table 1 . The strong vibrational peak at 231 (228) cm À1 on NaCl (KCl) is due to an in-plane breathing mode of the molecules and is also present in optical spectra of the planar molecules with D 2h symmetry. 16 All other peaks at smaller vibrational energies are surface induced modes (SIM) that have been described in the introduction and which will be in the focus of this contribution. Before we concentrate on the SIM, we comment on the vibrational modes at energies above 230 cm
À1
. For this purpose, we compare wide range FL spectra taken for the s sites on KCl and NaCl in Fig. 3 . The respective vibrational energies of the peaks are given in Table 1 . The important information from these wide range spectra is that the energetic positions of all lines above 230 cm
, which correspond to fundamental vibrational in-plane modes of the PTCDA, are identical within 10 cm À1 on both surfaces. This is interesting in so far, as it indicates that the lateral in-plane modes are identical on both substrates. These vibrational energies also correspond well to those of the vibrational modes in the spectra measured for molecules on t sites on KCl and NaCl (see Table 1 ). For a detailed interpretation of these modes we refer to Scholz et al. 13 We note that the vibrational energies for the KCl t sites in Table 1 on NaCl. ‡ In order to emphasize small features in the spectra logarithmic scales were used. The heavy black line is the average of several spectra measured for different independent preparations; these are shown in addition as thin gray lines in order to illustrate the overall variations of the spectra. In addition to the experimental data, the energies of vibrational modes calculated by using DFT are indicated by stick spectra. The lengths of the sticks represent the size of the calculated respective Franck-Condon factors which were adjusted to the experimental spectra such that the intensity of the mode n 1 is correctly fitted. They are plotted on the same logarithmic scales as the fluorescence intensities, except for the t site on NaCl, where they have been multiplied by a factor of 10. Red sticks represent vibrational modes belonging to the totally symmetric representation A 1 , blue sticks represent modes of the A. The small peak at 25 cm À1 in the KCl s site spectra is not a vibrational peak, but most likely due the 0-0 line of a minority of molecules adsorbed on a metastable (X10), as we described in ref. 45 . Table 1 (shown on the next page) Energies of the vibrational peaks in the FL spectra of PTCDA at terrace (t) and step (s) sites on (100) oriented NaCl and KCl films. These energies are averaged values obtained from sets of spectra measured for different sample preparations. These are shown in Fig. 2 for the low energy range. Exemplary spectra of the s sites for the full energy range are given in Fig. 3 . Energies calculated using DFT are also listed. An assignment of all experimentally observed vibrational energies to the contributing fundamental modes is given in the first column. The assignment in brackets refers to that used in ref. 36 . For experimental modes which result from combinations of modes the energies of the contributing fundamental modes and the respective sums are given in brackets in the respective columns. For some peaks, the assignments are not unique and two alternatives are given. All values are given in cm
. The ''-'' denotes that the modes have experimentally not been detected or possess intensities below 0.001. An exception is the mode calculated using DFT at 56 cm À1 discussed in the text ‡ We note that in ref. 
Modifications of the surface induced modes due to the site transition
Coming back to Fig. 2 , we make the following observations. Upon the migration of the molecules from the t sites to s sites, the spectra change in the range of the SIM, both for the KCl and the NaCl surface. In the spectra of the t sites we see the following peaks: on KCl, there is one clear broad peak at 94 cm À1 and a small peak at 185 cm À1 ; on NaCl, we can identify three broad peaks at 57 cm À1 , 127 cm À1 , and 186 cm À1 . Quite differently, the spectra of the s sites show more and sharper peaks. On KCl, we find three peaks; on NaCl we find seven peaks. For convenience we label these experimentally determined peaks by n A to n E and by n 1 0 and n D 0 (see Fig. 2 ). Hereby the two small peaks n 1 0 and n D 0 (only seen on NaCl) belong to a second minority species of PTCDA, evidenced by a second small blue shifted 0-0 transition, 30 cm À1 above the 0-0 transition of the majority species. The origin of this second species is not clear yet and we will thus not consider the related peaks any further. Hence, we have to compare three SIM on NaCl to two SIM on KCl for the t site spectra, and five SIM on NaCl to three SIM on KCl for the s site spectra. In summary we find differences between the t and s site spectra on both surfaces, and differences in the respective site spectra for KCl and NaCl. Thus two questions arise at this point. First, why do we find different SIM for the t and s sites, and, secondly, how can we explain the differences in the respective spectra on KCl and NaCl?
We start with the discussion of the first question: the difference between t and s site spectra. Evidently the symmetry of the adsorption site of the molecules on the terrace is C 2v . This can be seen from the hard sphere models in Fig. 1 . As a consequence the symmetry of the molecular geometry is also C 2v . When the molecules are adsorbed at the step edges, the symmetry of the adsorption site is reduced to C 1 due to the asymmetric embedding of the molecules at the step edges. This can also be derived from the hardsphere model of the t sites in Fig. 1 . As a consequence of the reduced symmetry of the adsorption site we can expect and confirm by the DFT calculations a reduced symmetry of the molecular geometry, too. This has an implication on the vibrational modes that can couple to the optical transition. For the s site with reduced symmetry we can expect that modes which formerly did not couple to the optical transition in the C 2v symmetry. Namely, these are all modes not belonging to the A 1 representation of C 2v , but belonging to the A 2 , B 1 , and B 2 representations. They can now couple to the optical transition, because, for the C 1 symmetry, there exists only the fully symmetric representation A. The reduction of the symmetry is thus the most important mechanism for the changes in the spectra by the appearance of additional modes.
In addition, differential shifts between the energies of the modes that couple to the transition for both the t and s sites can be expected because of the different interactions of the molecule with surface atoms on the t and s sites. Furthermore, the intensities of these modes may vary for the t and s sites, because the respective FC factors can change due to different structures of the ground and excited states on the two sites. The above described effects can also explain the variation between the spectra on KCl and NaCl. Due to the different molecule surface interactions different mode energies can be expected. This behavior is in contrast to that of the high energy vibrational modes which are nearly not effected by the bonding of the molecule to the surface, as we reported in ref. 19 and 29. Moreover, different distortion patterns will be reflected in different FC factors and respective mode intensities. The observation of a larger number of modes on NaCl compared to KCl can be explained by the fact that, on KCl, some modes couple only very weakly to the transition and are thus not observed, because due to smaller molecular distortions the respective FC factors are too small to cause peaks of detectable intensities.
Interpretation of the SIM on the basis of DFT calculations
The vibrational modes of the free and non-distorted PTCDA molecule with D 2h symmetry were calculated by means of DFT ). The positions of the vibrational modes are also summarized in Table 1 .
by mode corresponds to an arch-like distortion of the molecule with a vertical displacement of the anhydride groups with respect to the molecular plane. 49 Evidently, the energies of these modes which are calculated for the free molecule will be modified by the bonding to the NaCl and KCl substrates. Such an energy shift due to the surface bonding was observed experimentally for PTCDA on the Ag(110) surface in HREELS spectra: the mode at 213 cm À1 of the multilayer shifts to 204 cm À1 in the submonolayer due to the surface bonding. This mode was assigned to the mode calculated using DFT at 195 cm À1 for the free molecule. From these DFT calculations we can conclude that vibrational peaks of PTCDA have to be expected in the considered energy range up to 200 cm
À1
. However, the so computed energies do of course not explain the here observed vibrational energies. In addition, because they refer to the free molecule, they do not yield an interpretation of the differences between the energies on the KCl and NaCl surfaces. For this reason we have computed the vibrational modes of PTCDA adsorbed on the KCl and NaCl(100) surfaces by means of DFT on our own. In these calculations, the PTCDA molecule at a terrace site (t site) had the corresponding C 2v symmetry. As described in Section 2.2 the PTCDA molecule at the s site was modeled by an adsorbate/cluster model with a deliberately reduced symmetry, namely C 1 , as it is expected at the s sites. Even though we used this strongly simplified model for the s site and only allowed for molecular vibrations located on the molecule, these calculations showed how the reduced symmetry of the adsorption site causes the appearance of additional vibronic modes in the spectra, in agreement with what is observed experimentally: namely, all totally symmetric A 1 modes of the C 2v symmetry can contribute to the t site spectra (red sticks in Fig. 2) , and all modes of the C 1 symmetry, which are all totally symmetric and belong to the A representation, (blue sticks in Fig. 2 ) can contribute to the s site spectra.
Our calculations took full account of the interactions of the molecule with the substrate and of the induced distortions (out-of-plane bending) of the molecule in the ground state (S 0 ). Both aspects are expected to have impact on the energies of the vibrational modes. In a second step, in order to evaluate which of the vibrational modes couple effectively to the optical transition, the FC factors of the respective vibrational modes were calculated. This involved the additional computation of the geometry of the molecule in the excited S 1 state on the surfaces. This part of the calculation and the derived geometries were described earlier in ref. 23 . As noted in Section 2.2, the vibrations of the surface ions were neglected, which is an approximation of the real situation. However, this procedure safeguards that only those modes which are mainly located on the molecule, and which are of interest here, were calculated. In Fig. 2 , the positions of all calculated modes, which exhibit intensities above a certain cut-off of 0.001, are depicted as stick spectra with red and blue lines. The lengths of the sticks indicate the respective FC factors. The corresponding distortion patterns, are illustrated in Fig. 4 for the relevant modes. The energies of these DFT calculated modes are included in Table 1 for comparison. We start with the inspection of the spectra on KCl (Fig. 2(a) ). There we find a rather good one-to-one agreement in the energies of the calculated and experimentally measured modes with deviations of 24 cm À1 at the most. The calculated modes and the assignment to the experimental modes (n B , n D , and n E ) are illustrated in Fig. 4 . In the s site spectrum, one additional mode (n D ) is observed in comparison with the t site spectrum in the experimental and DFT data (cf. Fig. 4 , 142 cm À1 ). This mode stems from a mode of the B 2 representations of the C 2v symmetry which now, for the C 1 symmetry, projects onto the A representation and is thus observed for the transition in the reduced symmetry of the s site. In addition, from the DFT calculations we found a mode (''n F '') (for both the C 2v and C 1 symmetry), which is not observed in the experimental spectra. The calculated intensities of this mode are very small (0.016 (0.100) for C 2v (C 1 )). Therefore this mode is not visible in the experimental spectra, or it is hidden under the strong n 1 mode. For NaCl we start with the discussion of the t site spectrum (Fig. 2(b) , bottom spectrum). Here we find three DFT calculated modes belonging to the A 1 representation of the C 2v symmetry (see Fig. 4 ). The calculated energies of the modes at 91 cm
and 191 cm À1 fit roughly those of the two experimental modes n B (127 cm À1 ), and n E (186 cm À1 ) observed in the experiment.
However, the intensities of the calculated modes n B and n E come out too small by factors of about 25 and 3, respectively. The same is true for the mode n A (57 cm À1 ); the corresponding mode calculated by DFT is in good agreement at 57 cm À1 , but exhibits a much too small intensity (and was thus not included in Fig. 2(b) ). We suppose that the reason for these discrepancies in the intensities is that we neglect the vibrational motions of the substrate atoms in our model calculations. The amplitudes of these increase in particular at low energies. The s site spectrum shows five peaks ( Fig. 2(b) , upper spectrum). The peak at the lowest energy (n A ) is strongly enhanced with respect to the t site spectrum. This is explained by the contributions of three unresolved additional modes which couple only in the C 1 symmetry to the n A peak. These modes stem from modes belonging to the A 1 , B 1 , and A 2 representations of the C 2v symmetry, projecting into the A representation of the C 1 symmetry. The peak n B is observed in both the s site spectrum and in the t spectrum and is shifted by 31 cm À1 to smaller vibrational energies for the latter. The peak is well fitted by the theory. The peak n E is contained in the s site spectrum as in the t site spectrum at similar positions (within 1 cm
) and is also fitted by theory. The peaks n C and n D are only visible in the s site spectrum (not in the t site spectrum), because these modes belong to the A 2 (n C ) and B 1 (n D ) representations of the C 2v symmetry and thus do not couple. The corresponding calculated peaks come out at too small energies (about 25/27 cm À1 ). The DFT calculated mode at 215 cm À1 (n F ) cannot be observed in the FL spectra, as found for PTCDA on KCl. One important conclusion is that in the NaCl s site spectrum two additional modes (n C and n D ) couple to the transition with respect to the t site spectrum instead of only one additional mode as it is observed in the KCl s site spectrum (n D ). This can be understood as an effect from a stronger deviation of the molecular symmetry at the steps from the C 2v symmetry on NaCl compared to the situation on KCl. This is plausible because the vacancies formed by the substrate ions around one end of the molecule (see Fig. 1 ) have a smaller size on NaCl (due to the smaller lattice constant) and thus lead to stronger lateral interactions between the ions of the step and the ''embedded'' anhydride group of the PTCDA. These interactions obviously reduce the molecular C 2v symmetry more strongly causing a stronger coupling of the above modes to the optical transition. We will look at this aspect again, when we discuss the mode patterns in the next section. This effect of lateral interactions with the ions of the step on the molecular symmetry was also discussed for the shift in the energy of the electronic transition from the t to the s sites. 28, 45 3.4 Interpretation with aid of the distortion patterns Schematic diagrams of the relevant modes are illustrated in Fig. 4 . The totally symmetric modes of the C 2v symmetry (A 1 ) correspond to short axis (n A , n B ) and long axis (n E ) folding modes. The modes, which appear additionally for the s sites, contain elements of rotations that can be understood as frustrated rotations of the free molecule. These modes couple to the spectra only, when the symmetry is reduced due to the presence of the step edge, as illustrated in Fig. 1 . The mode n D seen on both surfaces exhibits a significantly smaller vibrational energy on KCl compared to NaCl (see Fig. 2 ). We explain this by the stronger interaction of the PTCDA with the surface ions embedding one part of the molecule on NaCl compared to KCl. This effect is in particular seen from the stronger out-of-plane distortion of the molecule visible in the side views in Fig. 1 .
For NaCl we find a larger number of the non-symmetric modes to couple to the transition for the s site. As noted above, we explain this by larger FC factors of these modes on NaCl compared to KCl as it is suggested by the DFT calculation. Since the FC factors reflect the displacements of the molecular coordinates under the optical excitation, we can conclude from the stronger coupling of these modes that the respective displacements on NaCl are significantly larger than on KCl. We ascribe this to the smaller geometric size of the vacancy at the step and the thus stronger electrostatic lateral interactions of the charged anhydride groups with the surrounding surface ions. (We note that this is not modelled by the DFT calculations so far, because these do not describe the step sites, yet.) Under the optical transition the local charge distribution on the PTCDA is altered and thus the electrostatic interactions between partially charged molecular groups, e.g. the carboxylic O atoms, and step edge ions, e.g., the K + cations, are altered. Stronger interactions thus will cause stronger displacements Dq i on NaCl compared to KCl, although the changes in the charge distributions may be very similar.
Finally we have to explain the difference in the differential shifts from the terrace to the step for KCl and NaCl. In general the shifts are only small. However, for the mode n B we see a large difference, namely a shift of À31 cm À1 on NaCl, while on KCl, the shift is only +3 cm À1 . This mode is attributed to a short axis folding mode and illustrated in Fig. 4 . It appears to be very sensitive to the presence of the steps and is thus shifted much stronger on NaCl than on KCl.
Final discussion
Our results demonstrate how fluorescence spectroscopy can be used to identify structural differences in the adsorption sites of a molecule. This information is most helpful for further interpreting different adsorption sites which have been previously identified from their optical transitions at different energies. The intensities of the considered low energy vibrational modes scale with the change in the structure of the molecule upon the optical excitation via the Franck-Condon factors. In the present case, the S 0 /S 1 transition corresponds to an excitation of an electron from the HOMO to LUMO and induces a rearrangement of the charges on the PTCDA molecule. The change in the charge density of the free molecule has been reported for instance by Scholz et al. 50 The charge redistribution causes a modification of the electrostatic interactions of the molecule with the surface ions and a concomitant change of the molecular geometry upon the optical excitation. In principle the calculation of the FC factors of the vibrational modes by means of DFT for an anticipated adsorption site in combination with comparison with the experimentally observed intensities, which are proportional to the respective FC factors, can yield detailed structural information about adsorption sites. For the present example, DFT calculations have been only available for the terrace sites, yet. Nevertheless there is no principal restriction for calculations of the vibrational modes and the respective FC factors for molecules at the step sites. The energetic resolution of the vibrational modes, i.e. their line shape, is given by the inhomogeneous line broadening of the electronic transition 45 due to the small variations in the details of the adsorption sites, e.g., the arrangement of additional ion pairs of Na + Cl À and K + Cl À on the two sides of the molecule. The full width at half maximum of the vibrational peaks of the s site spectra (B10 cm À1 ) is comparable with that obtained in good HREELS spectra. 1, 51 However, fundamentally different from HREELS the resolution of fluorescence (FL) spectra is not limited by the instrumental setup, but by the inhomogeneous line broadening related to the sample. In principle it would be possible to deconvolute the line shape of the pure electronic transition out of the vibronic peaks. When comparing HREELS and FL spectroscopy one should also bear in mind that, in general, both methods are sensitive to vibrational modes of different symmetry, which in our case agree due to the low symmetry of the adsorption complex. The sensitivity of FL spectroscopy is at least equally high as that of HREELS and allows one to investigate small coverages below few percent of a monolayer.
Complementary to HREELS, FL spectroscopy can be performed on insulating wide-band gap substrates, but not on metallic surfaces.
Summary
We investigated the low energy vibrational modes of isolated PTCDA molecules, adsorbed on the KCl and NaCl(100) surfaces, which couple to the emission in fluorescence spectra. The coupling of these modes can only be explained by a significant distortion of the PTCDA in the ground (S 0 ) or excited state (S 1 ) from its planar gas phase geometry induced by the adsorption on the surfaces. Remarkably we found the appearance of new vibrational modes in the spectra recorded for PTCDA at step edge sites when comparing these to spectra of PTCDA adsorbed on the terrace sites. This can be understood by a further reduction of the symmetry of the molecule at the step edge sites with respect to the terrace sites by the interaction with the step edge ions. The effect is less pronounced on KCl compared to NaCl and can be explained by the difference between the lattice constants and the resulting stronger bonding and distortion of the molecule on NaCl compared to KCl.
